is often used under atmospheric conditions in acidic and tribological environments [12] . In this study, a FeNiCrMo based alloy wire was produced as a coating layer on AISI 1040 steel surface by laser welding. Microstructure, phase formation, corrosion and wear properties of the produced coating were investigated.
EXPERIMENTAL STUDIES
AISI 1040 steel in the dimensions of 20 x 10 x 80 mm was used as the substrate material in the surface coating processes. Prior to the laser coating method, the surface of the steel material was cleaned with acetone. Alloy wires with a 0.6 mm diameter were coated on AISI 1040 steel surface by using an Or-Laser brand laser welding machine with the power of 200 Watts. Table 1 shows the chemical composition of the wire and the substrate used in the coating. Fig. 1 shows the the surface coating process with laser welding. The laser coating process was performed in the form of coating passes.
The samples were taken in the dimensions of 10 mm x 10 mm x 10 mm from the middle zone of the coating material for the microstructure examinations and wear test. Coating materials passed through the
A B S T R A C T
T his study aims to investigate microstructure, hardness, corrosion and wear properties of FeCrNiMo-based coating produced on AISI 1040 steel by using laser welding method. Microstructure properties and phase formation were examined by SEM-EDS and XRD. The hardness measurement was made by using a microhardness device along a line from the upper surface of the coating to the substrate. The wear tests of both the substrate and coating layer were made with a scratch test device. SEM examinations showed that the coating layer had a dendritic microstructure and was uniformly bonded to the substrate. The coating layer was harder than the substrate. According to wear tests, the friction coefficient of the coating layer was lower compared to the substrate. Substrate and coating layer were immersed in an aqueous solution of %3,5 NaCl for potentiodynamic measurements. Corrosion results showed that coating of the AISI 1040 steel with FeCrNiMo increased the corrosion resistance.
as a counter electrode and coatings as the working electrode. Potentiodynamic sweeping was performed in range of ± 0.25 V and 1 mV/s sweeping rate. The polarization resistance values were calculated by using Stern and Geary equation. Fig. 4 shows SEM images of the FeCrNiMo-based coating produced on the AISI 1040 steel surface by the laser welding. The coating thickness was observed to be about 250 µm (Fig. 4a) . It is also clearly seen in the same SEM image that the coating layer was composed of overlapped multi-passes. Coating layer formed of cellular structure and dendritic structure. Dendrites occurred in the opposite direction of the heat flow (Fig. 4b) . This coating microstructure contained austenite and α-ferrite. Approximate ratio of these structures was determined by means of the Schaeffler diagram in Fig. 4c . These structures formed as solid solutions. No pore or crack formation was found in the coating layer. MAP-EDS analysis was carried out to see how the element distribution in the coating layer is, which is shown in Fig. 5 . There was a homogeneous distribution in the coating layer. No oxide formation occurred. Fig. 6 shows the regional EDS analysis of the coating layer. The basic element of the coating layer was iron. The other elements were Cr, Ni, Mo, Mn, and Co. The chemical composition of the coating layer was similar to the chemivmetallographic processes were etched in 5 ml HNO 3 + 200 ml HCl + 65 g FeCl 3 solution for 10 seconds by dipping [13] . SEM-EDS was used for microstructure examinations and XRD was used for phase analysis. The hardness measurement was performed with Future-Tech FM 700 brand micro-hardness device with 200 gr load at 10 sec. waiting period at intervals of 50 μm along a line from the upper surface of the coating to the substrate. Prior to the wear test, the samples were sanded to 1200 mesh sandpaper and their surfaces were polished with a diamond solution and then ultrasonically cleaned. Cleaning was performed with Elma MF3/130KHz device in distilled water for 10 minutes at 35 KHz. Bruker UMT-2-SYS model mechanical test device was used in the wear tests (Fig. 2) . The wear was made in the form of micro scratches. A Rockwell indenter was used as the abrasive tip. The scratch size was chosen as 2 mm for all samples. Max 10 N was selected as the load.
RESULTS AND DISCUSSION
Corrosion measurements were obtained by using a system consisting of a Reference 3000 Potentiostat / Galvanostat / ZRA corrosion system (Fig. 3) . Corrosion experiments were carried out after the samples were left waiting for 1 h at room temperature in a 3.5 wt.% NaCl solution (pH 3). A conventional three-electrode cell was used for all the electrochemical measurements. A saturated calomel electrode (SCE) was used as a reference electrode, platinum foil cal composition of the selected coating wire. This indicated that the coating process reached its goal. In order to show the elemental difference between the coating layer and substrate, line EDS was performed between the coating and substrate. Fig. 7 shows line EDS. Cr, Ni, and Mn elements increased significantly in the coating layer. Fig. 8 shows the XRD analysis of the coating produced on the AISI 1040 steel surface by the laser welding. The coating layer consisted of α-Fe (ferrite), γ-Fe (austenite) and M23C6 phases. The letter M represents the elements Fe, Cr, and Mo. While austenite peak occurred at the angle of 43.6, 50.6 and 74.7 2θ angles, the ferrite peak occurred at the angles of 64.9 and 81.9 2θ. The intensity of the M23C6 carbide peak was very low compared to the other two phases. The phases occurring in this study are also similar to those in the literature [14] . Since the coating layer had Cr-Ni content, no oxide phase was found. This shows that it is corrosion resistant. Fig.9 shows the hardness of the coating layer. The microhardness measurement of the coating layer was carried out depending on the distance. There was a significant increase in hardness value of the coating layer compared to the substrate. While the hardness of the substrate was about 210 HV0.2, the hardness of the coating layer was measured as 475 HV0.2. The increase measured was 2 times compared to the substrate. The increase in the hardness of the coating layer was associated with the effect of the mechanism increasing the solid solution strength and the dispersion strengthening of the carbides.
Wear test of the coating layer and the substrate was conducted in the form of micro-scratches. A Rockwell indenter was used as the abrasive indenter. The scratch size was chosen as 2 mm in both samples. Fig. 10 shows wear graphs showing the friction coefficients of the coating layer and substrate. The applied load was measured as 9.55 N, which was maximum. The wear test was completed in 14 seconds. Friction coefficient graphs were also drawn as friction coefficient versus time. When the graph was examined, it was understood that the friction coefficient of the coating layer (~0.17) was lower than the friction coefficient of the substrate (~0.23). This decrease was associated with the solid solution strengthening and the dispersion strengthening of the carbides. Fluctuations were observed in the friction coefficient values of the coating layer. This was related to the fact that the phases were not homogeneously distributed in some regions of the coating. Fig. 11 shows optical images of the wear marks. It was seen that plastic deformation was more intense in the substrate. Flaking was observed in both wear marks. Gong et al [15] presented a study on influence of heat treatment on microstructure and mechanical properties of FeCrNi coating produced by laser cladding. The results of the study showed that as the heat treatment temperature increased, the wear resistance decreased although the maximum tensile strength was obtained.
The potentiodynamic polarization curves of the substrate and coating layer are illustrated in Fig. 12 . The corrosion measurement data are summarized in Table 2 . Corrosion potential (E corr ), anodic and cathodic Tafel slopes (β a and β c ), corrosion resistance (R p ), corrosion rate and corrosion current (I corr ) were found from Tafel curves. Rp was calculated by the Stern and Geary equation [16] . where I corr is the corrosion current density in µA cm -2 , R p is the corrosion resistance in kΩ cm 2 , and β a and β c are the anodic and cathodic Tafel slopes in V or mV, respectively. The corrosion potential (E corr ) values of the substrate and coating layer are slightly different. While Ecor of substrate is -435 mV, Ecorr of coating layer is -293 mV. The (R p of the substrate and coating layer are 20,70 kΩ.cm 2 and 25,57 kΩ.cm 2 , respectively. R p of the coating layer was increased by about 23,4 % compared to that of the substrate. The key element that determines the corrosion resistance of the coating layer is chromium. Cr forms a very thin film on the surface of the material against corrosion attacks. The protective film called passive layer or passive film [17] . The Ni element has a regulatory effect on the ductility and toughness properties of the material. The Mo element provides the continuity of the passive layer formed to protect from corrosion [18, 19] . Qiao et al [20] studied the corrosion behavior of HVOF-sprayed Fe-based alloy coating in various solutions. It has been observed that the coating layer exhibits different corrosion resistances in different solutions. However, it has been reported that the coating layer has higher corrosion resistance than the bottom layer. Our study showed similar results with these results.
CONCLUSION
1. In this study, FeCrNiMo based alloy wire was successfully coated on AISI 1040 steel surface with the laser welding technique. 2. It is seen from the SEM images that the coating had dendritic and cell morphology. This shows similarity with the literature. According to the XRD analyses, α-Fe (ferrite), γ-Fe (austenite) and M23C6 phases formed as phases in the structure. It was also found by the Schaeffler diagram that these phases can form. Majority of the structure had an austenite character. 3. The hardness of the coating layer was about two times more than that of the substrate. This increase in the hardness was caused by solid solution and M23C6 carbides formed in the structure. 4. Wear tests of the coating layer and the substrate were made in the form of micro-scratches. A decrease was experienced in the friction coefficient of the coating layer compared to the substrate. This was caused by strength increasing mechanisms. 5. The corrosion potentials of the substrate and coating layer are slightly different. Coating of FeCrNiMo on AISI 1040 steel has increased corrosion resistance by 23,4 %. Cr contributes directly to the corrosion resistance, whereas Mo contributes indirectly. 
R E F E R E N C E S

